Running Title: Glycomic approach for the focused proteomics SUMMARY Despite recent advances in our understanding of the significance of the protein glycosylation, the throughput of the protein glycosylation analysis is still too low to be applied for the exhaustive glycoproteomic analysis. Aiming to elucidate the N-glycosylation of murine epidermis and dermis glycoproteins, we employed here a novel approach for a focused proteomics. A gross N-glycan profiling (glycomics) of epidermis and dermis was first elucidated both qualitatively and quantitatively upon N-glycan derivatization with novel, stable isotope-coded derivatization reagents followed by MALDI-TOF(/TOF) analysis. This analysis revealed distinct features of the N-glycosylation profile of epidermis and dermis for the first time. A high abundance of high-mannose type oligosaccharides was found to be characteristic of murine epidermis glycoproteins. Based on this observation, we performed focused proteomics that carry high-mannose type glycans following direct tryptic digestion of protein mixtures and affinity enrichment. We identified 15 glycoproteins with 19 N-glycosylation sites that carry high-mannose type glycans by off-line LC-MALDI-TOF/TOF mass spectrometry. Moreover, the relative quantity of microheterogeneity of different glycoforms present at each N-glycan binding site was determined. Glycoproteins identified were often contained in lysosomes (e.g. cathepsin L, γ-glutamyl hydrolase), lamellar granules (e.g. glucosylceramidase, cathepsin D) and desmosomes (e.g. desmocollin 1, desmocollin 3, desmoglein). Lamellar granules are organelles found in the terminally differentiating cells of keratinizing epithelia, and desmosomes are intercellular junctions in vertebrate epithelial cells, respectively, thus indicating N-glycosylation of tissue-specific glycoproteins may contribute Alpha-L-fucosidase from bovine kidney and other chemical reagents were obtained from Wako pure chemical industries, Ltd. (Osaka, Japan).
to increase the relative proportion of high-mannose glycans. The striking roles of lysosomal enzymes in epidermis during lipid remodeling and desquamation may also reflect the observed high abundance of high-mannose glycans.
INTRODUCTION
The rapid progress in the sequence analysis of genomes of a variety of living organisms is accelerating the investigation of various related proteins involved in biological processes and disorders. Carbohydrate modifications can profoundly affect protein function. Their importance in disease is evident from a growing number of embryonic lethal phenotypes seen in knockout mice with defects in glycoconjugate assembly or processing, 1 and hence a large scale protein glycosylation analysis has become evidently important.
The accurate identification of protein glycosylation is challenging because of their complex structures, labile nature, and microheterogeneity. The presence of non-glycopeptides in a sample also limits the sensitivity for analysis of glycopeptides on mass spectrometry due to ion suppression. Although several new techniques enabling the large-scale identification of glycoproteins have recently been developed, 2-4 they can not afford to provide information about oligosaccharide moieties since the analysis is performed on peptides of which such moieties are enzymatically removed prior to the analysis. It is also well known that glycosylation is cell type specific, so a single glycoprotein can have a different spectrum of glycan structures when expressed in different cells. Recent progress in mass spectrometry (e.g. electron-capture induced dissociation using Fourier transform mass spectrometry, 5, 6 MALDI-LIFT-TOF/TOF 7 ) demonstrated their ability to provide information both on peptide sequence and glycan structure for the analysis of glycopeptide. However, their throughput is not high enough to apply large scale protein glycosylation analyses. Therefore, unveiling the significance of protein glycosylation in an efficient manner requires further thought. One solution is to develop a focused approach based on function and information content.
In this article, we describe a glycomic approach to rationalize the focusing process Recently, comparative proteomic profiling of murine epidermis and subepidermal tissues, 9 and proteomic characterization of the plasma membrane of human epidermis 10 were successively reported. These studies successfully identified a number of epidermal proteins, but yielded no information on protein glycosylation. The structural elucidation of mammalian epidermal glycoconjugates has been studied mostly histochemically, using lectins 11 or monoclonal antibodies. 12 These studies revealed that cell surfaces of keratinocytes in the epidermis contain numerous glycoconjugates. However, in the histochemical approach, it is often difficult to differentiate whether the glycoconjugate of interest is a glycolipid, an N-glycosylated or an O-glycosylated glycoprotein. It has provided neither detailed structural information of the oligosaccharides nor their carrier proteins.
In this study, we reveal that the N-glycosylation of epidermal glycoproteins is characterized in their markedly high levels of high-mannose type oligosaccharides by a novel, stable isotope assisted N-glycan profiling technique. Based on this observation, we identified glycoproteins that carry high-mannose type glycans by MALDI-TOF/TOF mass spectrometry following direct tryptic digestion of protein mixtures and affinity enrichment of the glycopeptides of interest. Our approach allowed rapid and sensitive quantitative glycomic profiling and it also provides not only the identification of glycoproteins carrying particular glycoforms, but also the determination of the N-glycosylation sites and the relative quantities of the microheterogeneous glycoforms present at each N-glycan binding site. Finally, the biological significance of the observed dominance of high-mannose type N-glycans will be discussed.
EXPERIMENTAL PROCEDURES
Materials. Male hairless mice (Hos/HR-1) were obtained from Nippon SLC (Shizuoka, Japan). They were fed a standard mouse diet and water ad libitum. 7-12 week old animals were used in this study. Estimation of N-linked oligosaccharide structures was obtained by input of peak masses into the GlycoMod Tool (http://www.expasy.ch/cgibin/glycomod_form.html).
Gross N-glycan profiling by two-D mapping technique.
The PA derivatized oligosaccharides were analyzed according to the previously described procedure. 15 Briefly, the mixture of PA-oligosaccharides were applied to an octadecylsilyl-silica (ODS, 6 x 150 mm, Shimadzu, Kyoto, Japan) HPLC column, and the elution times of the individual peaks were normalized with reference to the PA-derivatized isomalto-oligosaccharides of polymerization degree 4-20 and represented by GU (ODS). Then, individual fractions separated on the ODS column were applied to the amide-80 column.
Similarly, the retention time of the individual peaks on the amide-80 column were represented by GU (amide). Thus, a given compound from these two columns provided a set of GU (ODS) and GU (amide) values, which corresponded to co-ordinates of the two-dimensional sugar map. By comparison with the co-ordinates of reference PA-oligosaccharides, the N-glycans from skin were identified. Identification was confirmed by co-chromatography with a candidate reference on the columns and sequential exoglycosidase digestion. Molar ratios of N-glycans were calculated from the individual peak areas.
Preparation of glycopeptides.
Defatted and lyophilized epidermis (50mg) was S-carbamoylmethylated. The alkylated proteins were dialyzed against 10 mM NH 4 HCO 3 , and
were digested with trypsin. The digested proteins were applied to a ConA-agarose column Protein identification by database search. Peak lists were generated from the MS/MS spectra using Bruker flexAnalysis and were processed by the MASCOT algorithm (Matrix Science Ltd.) to assign peptide on the mouse genome sequence database. Database (MSDB) was searched for tryptic peptides with up to 1 miscleavage. All cystein residues were treated as being carbamoylmethylated. Deamidation of asparagines caused by deglycosylation was considered. We first screened the candidate peptides with probability-based Mowse scores that exceeded their thresholds (P < 0.05) and with MS/MS signals for y-or b-ions >5. If the peptide did not contain the consensus tripeptide sequence for N-linked glycosylation (NXS/T/C), the data was eliminated regardless of the matching score.
RESULTS
The analytical protocol. The employed analytical protocol is comprised of two steps (Scheme 1). First, whole N-glycans present in the epidermis and dermis were liberated and gross N-glycan profiles were elucidated both qualitatively and quantitatively by MALDI-TOF utilizing novel, stable isotope-coded derivatization reagents. Based on the observed N-glycan profile, affinity reagent to enrich particular type of glycopeptides was chosen. We employed a shotgun proteomic approach rather than a classical gel-electrophoresis based approach since many of the glycoproteins were known to be membrane associated. For the identification of glycopeptides, off-line LC-MALDI-TOF/TOF was employed. LC separation prior to MALDI-TOF/TOF was introduced aiming to detect as many glycopeptides as possible by reducing the complexity and ion suppression effect. Off-line connection of LC and MALDI-TOF/TOF was employed to allow separated glycopeptides individually digested by PNGase F. By introducing this process, one can be assured of the occurrence of N-glycosylation, the accurate size of N-glycan. It also improves the peptide identification efficiency.
Gross N-glycan profiling of murine epidermis and dermis. Aiming to establish a rapid, sensitive and quantitative N-glycosylation profiling technique, novel stable isotope-coded glycan selective derivatization reagents were developed. Based on our previous findings that incorporation of guanidino and hydrophobic functionalities significantly enhance the ionization efficiency of oligosaccharide, 18 tryptophanyl-arginine was employed as a scaffold.
The N-terminus of the dipeptide was used for the incorporation of oxylamino functionality, while the C-terminus was methyl esterificated to generate a deuterated (d 3 -methyl) analog. As indicated in Fig. 1 , oligosaccharides preferentially react with aoWRs to give corresponding oxims. In this study, epidermis and dermis samples were labeled with aoWR (H) and aoWR (D), respectively. As shown in Fig. 2a and b, the MALDI-TOF spectra obtained from each sample differed significantly. Glycomod search revealed that the m/z values of most of the signals observed were found to be identical to those of oligosaccharides known to be present in mammal (Table 1 ). All the assigned signals in Table 1 were confirmed to be aoWR derivatives by comparing the m/z differences when the labeling reagents for epidermis and dermis samples were exchanged (data not shown). The MALDI-TOF/TOF analysis of aoWR(H) and aoWR(D) derivatized oligosaccharides gave very intense fragment signal at m/z 431 and 434, respectively, that corresponds to the N-O bond cleavage of the oxime. Thus, this diagnostic signal could be also useful to distinguish between aoWR derivatives and contaminant signals. The same samples were also analyzed by a two-dimensional sugar mapping technique, and we confirmed that the N-glycan profiles derived from two different techniques were almost the same both qualitatively and quantitatively, except that MALDI-TOF analysis could detect far more N-glycans than two-dimensional mapping technique as indicated in Table 1 . Detailed structures of major oligosaccharides were determined by sequential glycosidase digestions and were shown in the same table.
Relative quantitation between dermal and epidermal oligosaccharide profiles were performed by mixing the aoWR(H) and aoWR(D) derivatized samples in equal quantities and subsequent MALDI-TOF analysis (Fig. 2c ). By incorporating mass differences of 3 Da, the oligosaccharides from the isotope-encoded sample were easily distinguished from the corresponding natural isotopic abundance oligosaccharides in the mass spectrometer, allowing a direct quantitative measure of the tissue specific N-glycosylation ( Fig. 2 d- Identification of glycoproteins carrying high-mannose type oligosaccharides in epidermis. Driven by the observed unique N-glycan profile in epidermal tissues, identification of the proteins that carry high-mannose type oligosaccharides was performed.
ConA was used as an affinity reagent to selectively recover the glycopeptides that carry high-mannose type oligosaccharides. 21 As shown in Fig. 4 , the lectin chromatography greatly reduced the complexity of the peptide mixture. Following the enrichment of glycopeptides of interest in a crude tryptic digest of epidermis, the ConA-bound fraction was further separated into ~100 fractions by reversed-phase chromatography.
Simultaneous identification of peptide and N-glycan moieties were possible for some of the glycopeptides by MALDI-TOF/TOF mass spectrometry. An example is shown in The TOF/TOF fragmentation of the glycan moiety further indicated that this peptide was modified with Man 5 GlcNAc 2 . To the authors' knowledge, this is the first successful direct glycopeptide identification based on raw TOF/TOF data taken from one glycopeptide derived from a complex biological mixture.
Despite the preferable nature of direct glycopeptide identification by MALDI-TOF/TOF, glycopeptide identification was performed after PNGase F digestion to improve the identification efficiency due to the lack of suitable software for the glycopeptide identification.
An example is shown in Fig. 6 Fig. 6A ).
Following the PNGase F digestion, all those signals disappeared. Instead, a new signal appeared (e.g. at m/z 1318.90 in Fig. 6B ). This observation evidently revealed that the peptide was N-glycosylated with Man 3 GlcNAc 2 , Man 5 GlcNAc 2 , Man 6 GlcNAc 2 , and Man 7 GlcNAc 2 .
The peptide was identified as TGEINITSIVDR of desmoglein by MALDI-TOF/TOF analysis as shown in Fig. 6C .
We observed that glycopeptides of different glycoforms on a same peptide tended to elute in close proximity on the reversed-phase chromatography analyses; peptides modified with larger N-glycans eluted earlier and those with smaller N-glycans eluted later. Therefore, the relative quantitation of the microheterogeneity of different glycoforms present at a particular N-glycan binding site could be determined by comparing the signal intensities upon mixing equivalent volumes from each successive fraction containing the same peptide backbone. As shown in Fig. 7 , the microheterogeneity of TGEINITSIVDR of desmoglein was clearly elucidated.
Based on the described procedure, we identified and characterized the major glycopeptides carrying high-mannose type oligosaccharides in the epidermis and listed them in Table 1 . Out of 15 glycoproteins identified in this study, 4 were bona fide transmembrane proteins. The non-transmembrane proteins were mostly designated as either extracellular (2 proteins) or lysosomal (6 proteins), thus belonging to two cellular compartments known to be enriched for glycoproteins.
DISCUSSION
We described a glycomic approach to rationalize the focused glycoproteome analysis of the murine epidermis. Upon qualitative and quantitative gross N-glycan profiling analysis, we observed distinct features of the N-glycosylation profile between the two tissues for the first time. The newly developed stable isotope assisted derivatization reagents allowed a rapid and sensitive N-glycan profiling on MALDI-TOF in a quantitative manner of both intra-and inter-samples. Owing to its high ionization efficiency of aoWR on MALDI-TOF analysis, aoWR derivatives could be highly selectively detected with minimum purification steps. We have recently reported that polymers displaying oxylamino groups provide a useful platform for the "glycoblotting", a high throughput oligosaccharide purification procedure in a crude mixture. 22, 23 Derivatization with aoWR is therefore regarded as an analogue of glycoblotting where chemoselective ligation is done toward functional low-molecular-weight compounds instead of polymers.
Among many qualitative and quantitative differences in N-glycan profiling, we focused on the high-mannose type N-glycans carrying glycoproteins in this study. Following the affinity enrichment, they were identified by off-line LC-MALDI-TOF/TOF mass spectrometry, which simultaneously provided information about the sugar binding site and the relative quantitation of microheterogeneity of different glycoforms present at each N-glycan binding site. Although the number of identified glycoproteins is so far limited, they are most likely to represent the major high-mannose glycan carrying proteins because the glycopeptide identification was carried out for those signals whose intensity was strongest.
Among glycoproteins identified in this study, almost half belong to lysosomal hydrolases.
This observation appeared to be reasonable considering that the major sorting mechanism of those hydrolases to lysosome is by the mannose-6-phosphate pathway. 24 In the epidermis, enzymes of lysosomes and lamellar granules are present also in the extracellular compartment and are responsible for the lipid remodeling required to generate the barrier lamellae as well as for the reactions that result in desquamation. 25 Lamellar granules (LG), which are considered to be lysosome-related organelles, 8 are organelles present in the cytoplasm of cells in the granular layer and account for about 10 % of volume of the granular cell cytosol. 26 LG likely originate from the Golgi apparatus and are currently thought to be elements of the tubulo-vesicular trans Golgi network 27, 28 while it is not known whether these cells use the same sorting system for LG as that used for lysosomes.
LG is major source of stratum were typically observed for lysosomal proteins. High mannose oligosaccharides are assembled in the endoplasmic reticulum and cis-Golgi, and contain between five and nine mannose residues. Therefore, the observed M3, M3F and M4 should be considered to be the degraded products. This can be explained by the presence of glycosidase (e.g. α-mannosidase) in lysosomes 42 and LG. 43 A peptide from desmoglein exhibited the exceptional presence of M3 and M4. The mechanism of the occurrence of such degradation on the plasma membrane surface may need to be further elucidated. Other glycopeptides from extracellular glycoproteins are commonly modified with high-mannose oligosaccharides with between five and nine mannose residues in a distinct, microheterogeneitic manner. In this study, two functionally unknown proteins were also identified, Riken cDNA 1100001H23 44 and Riken cDNA 2310020A21, 45 as high-mannose type oligosaccharides carrying proteins. The N-glycosylation microheterogeneity analysis revealed that the former is modified with 
